Probiotics are defined as "living microorganisms, which upon ingestion in certain numbers exert health benefits on the host beyond inherent basic nutrition" (43) . Various studies have indicated that probiotics may alleviate lactose intolerance; have a positive influence on the intestinal flora of the host; stimulate/modulate mucosal immunity; reduce inflammatory or allergic reactions; reduce blood cholesterol; possess anti-colon cancer effects; reduce the clinical manifestations of atopic dermatitis, Crohn's disease, diarrhea, constipation, candidiasis, and urinary tract infections; and competitively exclude pathogens (35, 67, 75, 80, 99) . Considering this impressive list of potential health-promoting benefits, it is not surprising that there continues to be considerable interest in the use of probiotics as biotherapeutic agents (67, 75, 82) . Furthermore, given a heightened awareness among consumers of the link between diet and health and the fact that probiotic-containing foods are generally perceived as "safe" and "natural," the global market for such foods is on the increase, particularly dairy-based products marketed for the prophylaxis or alleviation of gastrointestinal disorders (84) .
The selection of potential probiotic strains that would be capable of performing effectively in the gastrointestinal tract is a significant challenge. Strain selection has generally been based on in vitro tolerance of physiologically relevant stresses: e.g., low pH, elevated osmolarity, and bile (26, 53, 77, 100) . In addition to these physiological assays, molecular investigations are now under way to determine the genetic basis of gastric survival and functionality (11, 78, 79) and inclusion of molecular markers identified by this approach into screening programs may lead to more well-defined and reliable results.
The ability of probiotic strains to hydrolyze bile salts has often been included among the criteria for probiotic strain selection, and a number of bile salt hydrolases (BSHs) have been identified and characterized. However, microbial BSH activity has also been mooted to be potentially detrimental to the human host, and thus it is as yet not completely clear whether BSH activity is in fact a desirable trait in a probiotic bacterium. We review here the available literature on the reaction catalyzed by BSH enzymes, explore the ecological significance of BSH production, and briefly examine the impact that bile hydrolysis may have on human physiology. We conclude with suggestions for future work and possible applications of BSH research.
BILE
Bile is a yellow-green aqueous solution whose major constituents include bile acids, cholesterol, phospholipids, and the pigment biliverdin (12, 44) . It is synthesized in the pericentral hepatocytes of the liver, stored and concentrated in the gallbladder interdigestively, and released into the duodenum after food intake. Bile functions as a biological detergent that emulsifies and solubilizes lipids, thereby playing an essential role in fat digestion. This detergent property of bile also confers potent antimicrobial activity, primarily through the dissolution of bacterial membranes (reviewed in reference 5).
The primary bile acids, cholic and chenodeoxycholic acid, are synthesized de novo in the liver from cholesterol. The solubility of the hydrophobic steroid nucleus is increased by conjugation as an N-acyl amidate with either glycine (glycoconjugated) or taurine (tauroconjugated) prior to secretion (Fig. 1A) . The resulting molecules are therefore amphipathic and can solubilize lipids to form mixed micelles.
Bile acids are efficiently conserved under normal conditions by a process termed enterohepatic recirculation. Conjugated and unconjugated bile acids are absorbed by passive diffusion along the entire gut and by active transport in the terminal ileum (12) . Reabsorbed bile acids enter the portal bloodstream and are taken up by hepatocytes, reconjugated, and resecreted into bile. Approximately 5% of the total bile acid pool (0.3 to 0.6 g) per day eludes epithelial absorption and may be extensively modified by the indigenous intestinal bacteria (reviewed in reference 10). One important transformation is deconjugation, a reaction that must occur before further modifications are possible (3). Deconjugation is catalyzed by bile salt hydrolase (BSH) enzymes (EC 3.5.1.24), which hydrolyze the amide bond and liberate the glycine/taurine moiety from the steroid core (Fig. 1B) . The resulting acids are termed unconjugated or deconjugated bile acids.
INCIDENCE OF BSH ACTIVITY AMONG BACTERIA
BSH activity has been detected in Lactobacillus (2, 13, 18, 21, 23, 30, 31, 39, 60, 61, 66, 72, 88, 90, 91) , Bifidobacterium (40, 41, 50, 51, 52, 89) , Enterococcus (34, 55, 106) , Clostridium (14, 72) , and Bacteroides (48, 85) spp. Lactobacilli and bifidobacteria are routinely used as probiotic strains, while Bacteroides, Clostridium, and Enterococcus spp. are also commensal inhabitants of the gastrointestinal tract. To date, BSH activity has not been detected in bacteria isolated from environments from which bile salts are absent (e.g., Lactococcus lactis or Streptococcus thermophilus) (1, 31, 68) . With the exception of two strains of Bacteroides, all other BSH-positive bacteria are gram positive. All other gram-negative intestinal bacteria that have been examined (including Escherichia coli and Salmonella enterica serovar Typhimurium) neither demonstrate BSH activity nor possess bsh homologs in their genomes (M. Begley, unpublished data).
BSH in pathogenic bacteria. The gram-positive gastrointestinal pathogen Listeria monocytogenes is not normally considered a member of the normal intestinal microbiota, but it does possess a BSH enzyme (Lmo2067 [6, 27] ). However, since it is estimated that between 1 and 10% of the population asymptomatically shed L. monocytogenes, it has been suggested that this bacterium may be at the border between pathogenic and commensal microorganisms (27) . Enterococcus faecalis, which is a normal inhabitant of the human gastrointestinal tract but can be an opportunistic pathogen, possesses a bsh homolog (EF0040; AAM75246) located within a pathogenicity island (83) ; however, this locus has not yet been functionally characterized. Dean et al. (20) purified a protein with bile-hydrolyzing activity from Xanthomonas maltophilia, a gram-negative opportunistic nosocomial pathogen that causes a wide variety of diseases but is most commonly recovered from the respiratory tract. However, N-terminal sequencing revealed that the protein was not similar to any characterized BSH. It is possible that it may not be a "true" BSH or, alternatively, the lack of homology may indicate a large divergence in the BSH family of proteins (the Ntn hydrolase family [discussed below]).
Identification of bsh homologs in probiotic genomes. We looked for genes that may encode BSH enzymes in the genome sequences of potential probiotic bacteria available in public databases (using the National Center for Biotechnology Information genome site [http://www.ncbi.nlm.nih.gov/] and the Joint Genome Institute microbial genomics site [http://genome .jgi-psf.org/]). Consistent with previous findings, homologs were identified in all strains associated with the intestinal tract (Table 1) . Interestingly, several strains (e.g., Lactobacillus plantarum WCFS1) possess more than one BSH homolog, which are not identical (data not shown). The potential significance of multiple BSH homologs is discussed below. Sequence analyses also revealed that the genetic geography of bsh regions is not the same in all strains, and in cases where more than one is present they are not located in the same region of the chromosome (data not shown).
Horizontal transfer of bsh genes. Since variability in BSH phenotypes has been observed within isolates of some species (15, 16, 31, 34, 88) , it has been speculated that bsh genes may have been acquired horizontally (31 (31) . In addition to reverse transcriptase activity, these proteins can function as maturases and endonucleases and facilitate movement and splicing of cDNA into the genome. Group II intron proteins are often inserted in or associated with mobile genetic elements (29) . Sequencing of the entire genome of L. acidophilus NCFM revealed that this strain possesses two bsh genes (bshA and bshB). The predicted sequence of the BSH enzymes encoded by these loci share a higher level of similarity to BSH enzymes from other Lactobacillus species than to each other, suggesting that they may have been acquired from different sources (66) .
The L. monocytogenes bsh gene is absent from the genome of the nonpathogenic strain L. innocua, whereas flanking regions have the same organization in both (27) . In addition, the GϩC content of the gene is lower than that of neighboring genes (36% versus 38 to 41%) but similar to the GϩC content of the L. plantarum bsh, and the encoded protein shows most homology to the BSHs of lactobacilli (67% identity to the BSH of L. plantarum). These observations, together with the fact that L. monocytogenes shares the same microenvironments as lactobacilli during its life cycle (intestine, decaying vegetation, food, and vegetables) strongly suggest that the listerial gene may have been acquired from lactobacilli.
It has also been noted that the bsh gene in Bifidobacterium longum SBT2928 is flanked by inverted repeats (89), which may have played a role in the horizontal transfer of the gene (31) . However, a study by Kim et al. (50) revealed that bsh genes were highly conserved within all bifidobacterial strains tested, and their GϩC content reflected the overall GϩC content of the genome. Also, since there are no reports of BSH activity from any other GϩC-rich gram-positive bacteria and BSH activity has been observed among all bifidobacteria strains, it is likely that the bsh gene is a paralogous gene in the bifidobacterial genome (50) .
In conclusion, BSH is present in all bifidobacterial strains and lactobacilli strains associated with the gastrointestinal environment, but bsh genes can potentially be acquired from these strains by other intestinal microorganisms (e.g., L. monocytogenes).
CHARACTERISTICS OF BSH ENZYMES
BSHs have been purified and characterized from various microorganisms (summarized in reference 49) and have generally found to be located intracellularly, are oxygen insensitive, and have slightly acidic pH optima (usually between pH 5 and 6) (13, 15, 16, 23, 36, 38, 41, 42, 48, 60, 85, 89, 93) .
Active site. BSHs belong to the choloylglycine hydrolase family of enzymes that also contains penicillin amidases (EC 3.5.1.11), enzymes that hydrolyze penicillin to yield 6-aminopenicillinic acid (6-APA). This intermediate is widely used in the industrial production of semisynthetic antibiotics (102) . Both BSHs and penicillin amidases have been classified as N-terminal nucleophilic (Ntn) hydrolases with an N-terminal cysteine residue. This Cys-1 becomes a catalytic center after removal of the initiation formyl methionine by an autoproteolytic process, which is one of the common features of the Ntn hydrolase superfamily (86) . The thiol (SH) group of Cys-1 has been shown to be essential for BSH catalysis. Replacement of the Bifidobacterium bifidum BSH Cys-1 with the nucleophilic amino acids serine or threonine which have a hydroxyl group instead of a thiol group abolishes BSH activity (50) , and exchange of Cys-1 with alanine in the B. longum BSH results in an inactive protein (89) . Agents that oxidize thiol groups (e.g., p-mercuribenzoate, iodoacetamide, Hg have been shown to strongly inhibit BSH activity in Clostridium perfringens (38) , Lactobacillus reuteri (93) , and B. longum (41, 89) .
Other amino acids that are thought to play a role in BSH catalysis include Asp-20, Tyr-82, Asn-175, and Arg-228. Indeed, sequence alignments show that in addition to Cys-1 these amino acids are strictly conserved in all BSHs (Fig. 2) . In addition, structural comparisons of the BSH of C. perfringens and other members of the Ntn hydrolase family have revealed that the geometry of the predicted active sites is well conserved (76) . Substrate specificity. It is possible that BSHs recognize bile acids on both the cholate steroid nucleus and the amino acid groups (glycine/taurine). Recognition of the cholate group has been reported in the literature. A study by Moser and Savage (68) revealed that L. buchneri JCM1069 expressed taurodeoxycholic acid hydrolase activity but not taurocholic acid hydrolase activity. Taurodeoxycholic acid and taurocholic acid both have taurine as their amino acid moiety but differ at the 7␣ position of their steroid moieties. In addition, inactivation of bshA of L. acidophilus NCFM reduces the strain's ability to hydrolyze bile salts containing chenodeoxycholic as the steroid moiety, e.g., TCDCA and GCDCA (66) . However, the majority of kinetic data available in the literature suggests that substrates are predominantly recognized at the amino acid moieties, and most BSHs are more efficient at hydrolyzing glycoconjugated bile salts than tauroconjugated bile salts (14, 51, 89, 93) . Sequence alignments reveal that, whereas residues of the active site are strictly conserved in BSHs, the residues for substrate recognition are not particularly conserved although most amino acid substitutions are conservative (76) . The notable exception is Leu142, which is strictly conserved, but the significance of this is unknown (56, 76) . Future structure analyses of BSHs from various species will undoubtedly discover key residues of the active site and substrate binding pocket and provide information on the substrate selectivity of BSH enzymes (56, 76) . Such studies will also allow the comparison of the mechanism of action and the specificity of BSHs and penicillin amidases.
FUNCTION(S) OF BSH
The precise function(s) of microbial BSHs is currently unknown, although several hypotheses have been proposed (these are summarized in Table 2 ) and are discussed in this section.
Nutritional role. The amino acids liberated from bile salt deconjugation could potentially be used as carbon, nitrogen, and energy sources, since glycine may be metabolized to ammonia and carbon dioxide, and taurine may be metabolized to ammonia, carbon dioxide, and sulfate. Bile salt deconjugation may therefore confer a nutritional advantage on hydrolytic strains. In support of this hypothesis, Huijghebaert et al. (45) and Van Eldere et al. (103) observed that certain BSH-positive strains of Clostridium utilized the released taurine as an electron acceptor and that growth rates improved in the presence of taurine and taurine-conjugated bile salts. It has also been noted that transcription of the B. longum bsh gene is coupled to a homolog of glnE that encodes a glutamine synthetase adenyltransferase that forms part of the nitrogen regulation cascade (89) . However, experiments performed by Tannock et al. (90) and Gilliland and Speck (36) refute this hypothesis since these authors observed that the lactobacilli used in their studies did not utilize the steroid moiety of the bile salt for cellular precursors since neither ring cleavage nor subsequent metabolism occurred.
Sequence analyses have revealed that BSHs show extensive homologies to penicillin amidases. Although they are commonly used in the industrial production of antibiotics, the microbial role of penicillin amidases is still not clear. Since they can cleave other phenyl and phenoxyacetic acid derivatives in addition to penicillins and are induced or repressed by different carbon sources, it has been suggested that penicillin amidases are involved in the assimilation of phenyl and phenoxyacetylated compounds (102) . These compounds, such as phenolic and caffeic acids and flavonoids, are abundant in the environment since they are produced by the degradation of plant cell material by microorganisms. It is possible that BSHs may share the same substrates as penicillin amidases and, in addition to hydrolyzing bile, may also hydrolyze phenylacetylated compounds, thereby serving as scavengers in carbon-limiting conditions.
Alteration of membrane characteristics. The bacteriolytic enzymes lysozyme and phospholipase A2, and antimicrobial peptides such as ␣-defensins, are important contributors to innate immunity in the intestine. The composition, fluidity, permeability, hydrophobicity, and net charge of bacterial membranes all determine the extent of damage by these host defenses (reviewed in reference 74). It has been proposed that BSHs facilitate incorporation of cholesterol or bile into bacterial membranes (17, 92, 94) . This incorporation may increase the tensile strength of the membranes (9) or may change their fluidity or charge. Cell surface modifications that may result from BSH activity could potentially offer protection against perturbation of the structure and integrity of bacterial membranes by the immune system, and such resistance mechanisms may be important in establishing persistent infections. Such a function may strongly select for commensals possessing BSH enzymes while mitigating against BSH-negative pathogens or other transients.
Bile detoxification. Studies by four independent groups using wild-type and bsh mutant pairs provide a link between bile salt hydrolysis and bile tolerance. A Lactobacillus amylovorus mutant with a partial decrease in BSH activity isolated using an N-methyl-N 1 -nitro-N-nitrosoguanidine mutagenesis strategy displayed decreased growth rates in the presence of bile salts (39) . Also, mutation of bsh in L. plantarum (23) and L. monocytogenes (6, 27) renders cells significantly more sensitive to bile and bile salts. The precise mechanism by which BSH enzymes play a role in the tolerance of bile is not yet fully understood. However, it has been proposed that since the protonated (nondissociated) form of bile salts may exhibit toxicity through intracellular acidification in a manner similar to organic acids, BSH-positive cells may protect themselves through the formation of the weaker unconjugated counterparts (23) . This could help negate the drop in pH by recapturing and exporting the cotransported proton (23) .
The ratio of glycoconjugated to tauroconjugated bile salts in human bile is usually 3:1 (44) . In vitro experiments have revealed that whereas tauroconjugated bile salts usually only have slight affects (if any) on bacterial cells at every pH examined, glycoconjugated bile salts are extremely toxic at acidic pHs and bsh mutants are significantly more inhibited than corresponding parent cells (6, 23) . We therefore suggest that BSHs are particularly important in combating the toxic effects of glycoconjugated bile salts at low pH, and BSH activity may be of particular importance at the point where bile enters the duodenum and where acid reflux may occur from the stomach, or in localized microenvironments in the intestine when the pH is lowered by lactic acid bacteria. The fact that BSHs have been shown to preferentially hydrolyze glycoconjugated bile salts (13, 14, 50, 89) , together with the observation that BSHs have slightly acidic pH optima (usually between pH 5 and 6) (13, 15, 38, 41, 48, 59, 93) , may serve to substantiate this theory.
Although several reports in the literature do not correlate the bile tolerance of strains with BSH activity (1, 37, 68, 92, 101) , it is possible that these studies may have used inappropriate experimental conditions; for example, the use of tauroconjugated bile acids to detect BSH activity, even though the majority of BSHs show a preference for glycoconjugated bile acids. Furthermore, since many factors influence the bile tolerance of strains (e.g., membrane characteristics [reviewed in reference 5]), comparing nonisogenic strains will not give a true representation of the contribution of BSH to bile tolerance.
The unconjugated bile acids resulting from bile salt hydrolysis have greater inhibitory effects on bacteria than conjugated bile acids in vitro. However, it is possible that in vivo uncon- Gastrointestinal persistence. Since BSHs may combat the deleterious effects of bile (and perhaps components of the innate immune system such as the defensins through cell surface modifications), a role for these enzymes in survival/ persistence of strains within the gastrointestinal tract is conceivable. Bateup et al. (2) compared the abilities of three Lactobacillus strains which demonstrated various degrees of BSH activity in vitro (one strain demonstrated high activity, one showed moderate activity, and one lacked activity) to colonize lactobacillus-free BALB/c mice. Enumeration of lactobacilli in the gastrointestinal organs 2 weeks after inoculation revealed that all strains colonized equally well, leading to the conclusion that BSH is not essential for colonization. However, a more recent study by Dussurget et al. (27) convincingly demonstrates that BSH contributes to persistence of L. monocytogenes within the gastrointestinal tract. A bsh mutant demonstrated reduced bacterial fecal carriage after oral infection of guinea pigs (counts of the mutant were 4 to 5 logs lower than the parent after 48 h). It was also observed that intestinal multiplication of the parent could be increased ϳ10-fold by supplying cells with an extra copy of the gene on a plasmid, further confirming the importance of BSH to intestinal persistence (27) . Two obvious differences between this L. monocytogenes study and the earlier one of Bateup et al. (2) may account for their different conclusions. First, isogenic L. monocytogenes wild-type and bsh mutant strains were compared, and it is possible that intrinsic differences between the strains of lactobacilli used in the other study masked the contribution of BSH to intestinal survival. Furthermore, Bateup et al. used Lactobacillus-free mice, and it is possible that a role for BSH would be uncovered in a more competitive environment. Future investigations with bifidobacterial and lactobacillus bsh mutants are necessary to unequivocally determine whether gastrointestinal persistence is a universal function of BSHs.
Multiple BSH homologs. As mentioned previously, analyses of sequenced probiotic strains reveal that many possess more than one BSH homolog. The economic nature of bacterial genomes implies that possession of multiple BSHs should confer some advantage on strains. Each BSH may respond to different types of bile or perhaps different lengths of exposure to bile (e.g., bile adaptation), thereby ensuring maximal survival of the bacterium under changing environmental conditions. Recent experiments performed in both L. plantarum WCFS1, which has four bsh genes, and L. acidophilus NCFM, which has two bsh genes, supports this speculation (11, 66) . In the study by Bron et al. (11) , clone-based DNA microarrays were used to compare the transcriptional responses of cultures of L. plantarum WCFS1 that were grown for 3 days on de Man-Rogosa-Sharpe (MRS) agar containing 0.1% porcine bile to cultures grown in the absence of bile. Experiments revealed that bsh 1 (lp_3536) was induced ϳ6-fold by the bile, while expression of bsh 3 (lp_3362) was reduced by ϳ5-fold. Inactivation of the two bsh genes of L. acidophilus NCFM indicate that the encoded enzymes possess different substrate specificities. BSH A activity seems to be dictated by the steroid nucleus of bile salts, while the activity of BSH B is dictated by the amino acid side chain (66) .
It is also possible that a strain possesses more than one BSH to fully take advantage of the other possible functions of these enzymes; for example, hydrolyzing bile to use as an energy source or perhaps incorporating it into the membrane to increase defense to membrane-damaging agents (e.g., bile or defensins). This may particularly be the fate of tauroconjugated bile acids, which do not seem to be very toxic to bacteria in a laboratory setting (4, 23) . BSHs may also be capable of hydrolyzing phenylacetylated compounds either within the intestine or outside the host (e.g., in decaying vegetation or silage).
Targeted mutations in strains with multiple bsh homologs will permit detailed investigations into their precise functions. Enzyme assays and transcriptional analyses can be used to investigate the specificity of each enzyme toward different types of bile and bile salts, and persistence experiments will evaluate their role in intestinal survival.
IMPACT OF MICROBIAL BSH ACTIVITY ON THE HOST
Cholesterol lowering. Hypercholesterolemia (elevated blood cholesterol levels) is considered a major risk factor for the development of coronary heart disease, and although pharmacologic agents are available to treat this condition (e.g., statins or bile acid sequestrants), they are often suboptimal and expensive and can have unwanted side effects (81) . Oral administration of probiotics has been shown to significantly reduce cholesterol levels by as much as 22 to 33% (22, 24, 28, 90, 95; reviewed in reference 73) or prevent elevated cholesterol levels in mice fed a fat-enriched diet (96) . These cholesterol-lowering effects can be partially ascribed to BSH activity (other possible mechanisms not discussed here include assimilation of cholesterol by the bacteria, binding of cholesterol to the bacterial cell walls, or physiological actions of the end products of shortchain fatty acid fermentation) (54, 59) . Deconjugated bile salts are less efficiently reabsorbed than their conjugated counterparts, which results in the excretion of larger amounts of free bile acids in feces. Also, free bile salts are less efficient in the solubilization and absorption of lipids in the gut. Therefore, deconjugation of bile salts could lead to a reduction in serum cholesterol either by increasing the demand for cholesterol for de novo synthesis of bile acids to replace those lost in feces or by reducing cholesterol solubility and thereby absorption of cholesterol through the intestinal lumen.
Impaired digestive functions. Since unconjugated bile acids are less efficient than conjugated molecules in the emulsification of dietary lipids and the formation of micelles, BSH activity may compromise normal lipid digestion, and the absorption of fatty acids and monoglycerides could be impaired (22) . Microbial BSH activity has been related to growth defects in chickens (32, 33) but not in mice (2) .
Disruption of normal intestinal conditions and/or gallstones. It has been proposed that secondary bile acids resulting from the subsequent modification of unconjugated bile salts may cause DNA damage, promote colon cancer, or result in impaired colonic mucosal function that would lead to diarrhea or inflammation (7, 47, 65, 69, 71) . In addition, since the solubilization of cholesterol in bile depends on the ratio of cholesterol to bile salts and lecithin, alterations in the concentrations of bile acids may result in bile being supersaturated with cholesterol. This cholesterol may precipitate together with calcium salts and bile pigments to form concretions termed gallstones, which may grow and obstruct the biliary ducts (62, 64, 104) . It is noteworthy that an increase in secondary bile acids has been observed in gallstone sufferers (8, 63) .
IS BSH ACTIVITY A DESIRABLE TRAIT IN PROBIOTICS?
Overall, the data strongly support the hypothesis that microbial BSHs function in the detoxification of bile salts and in doing so increase the intestinal survival and persistence of producing strains. Therefore, BSH activity by a probiotic bacterium may be desirable since it could maximize its prospects of survival in the hostile environment of the gastrointestinal tract. Increased intestinal survival is likely to increase the overall beneficial effects associated with the strain.
Since large amounts of deconjugated bile salts may have undesirable effects for the human host (described earlier), concerns may arise over the safety of administering a BSHpositive probiotic strain. However, the bacterial genera that would most likely be used as probiotics (bifidobacteria and lactobacilli) are not capable of dehydroxylating deconjugated bile salts (1, 36, 87) , and so the majority of the breakdown products of BSH activity by a probiotic strain may be precipitated and excreted in feces (this may vary from person to person depending on colonic pH and intestinal transit time [97, 98, 105] ). In addition, work performed by two groups has shown that it may be possible to prevent further modification of deconjugated products by other intestinal microorganisms (e.g., certain strains of Clostridium and Eubacterium, which are the only strains that have been shown to possess dehydroxylating activity [19, 25] ). First, Jones et al. (46) investigated the ability of a BSH-positive L. plantarum strain encapsulated in an artificial membrane to hydrolyze bile salts. The experiments of Jones et al. demonstrated that the microencapsulated strain was able to effectively break down physiologically relevant concentrations of bile in vitro, but the products of BSH deconjugation were trapped within the membrane. In addition to increasing the safety of the strain by rendering these products less bioavailable, microencapsulation would also protect entrapped bacteria from harsh environmental conditions encountered during gastric transit. Second, studies by Kurdi et al. (57, 58) revealed that cholic acid, the main free bile acid produced by BSH activity in the intestine, could accumulate inside the bifidobacterium and lactobacillus strains examined so long as the bacteria were energized. The amount of accumulation increased at decreasing external pH values, suggesting that factors which decrease the intestinal pH (the presence of shortchain fatty acids or lactic acid produced by intestinal microbes) may enhance the accumulation of cholic acid by lactobacilli in vivo (57) .
In summary, BSH activity may benefit a probiotic bacterium required to survive and perform in the intestinal milieu. Microencapsulating the bacterium or selection of a strain that is not capable of further modifying unconjugated bile salts or one that may accumulate them would address the medical concerns about the possible side effects associated with BSH activity.
FUTURE DIRECTIONS AND APPLICATIONS OF BSH RESEARCH
Directions for future studies. Future investigations should concentrate on ascertaining the precise role of BSH enzymes in gastrointestinal bacteria. Studies to elucidate the fate of the end products of bile hydrolysis and to compare the behavior and characteristics of targeted bsh mutants to their isogenic parent strains are of vital importance. Examination of the membrane properties (charge, hydrophobicity, fatty acid composition, etc.) of these strains grown in the absence and presence of bile would also be revealing. Furthermore, controlled animal trials will help to uncover the contribution of BSH to intestinal survival. From the host perspective molecular tools such as denaturing gradient gel electrophoresis and fluorescence in situ hybridization can be used to monitor the impact of administering a BSH-positive strain on the established gut microflora. Also, since secondary bile acid production has been considered as a significant risk factor for the development of colon cancer, it must be determined whether serum or biliary levels of secondary bile acids increase in the bile acid pool as a result of bile salt hydrolysis.
Possible applications of BSH research. A better understanding of the role of BSH may be exploited in the selection and rational design of probiotic strains. Since it is likely that BSH significantly contributes to the bile tolerance and survival and persistence of strains in the intestinal tract, it may be desirable to select probiotic bacteria that possess these enzymes. Banks of strains could be screened for the presence of bsh genes by performing PCRs with degenerate primers based on conserved regions of BSH enzymes, BSH activity can then be examined by using the well-established agar plate assay (18) . Such an approach may allow a rapid and simple screen of banks for strains capable of performing in the intestinal tract a task that is currently tedious and time-consuming. It may also be possible to manipulate the BSH activity of probiotic strains (either to overexpress a native BSH or to express or overexpress a heterologous BSH) to improve their survivability in the intestinal tract. Finally, administration of a bile-hydrolyzing strain to control serum cholesterol levels (i.e., oral live bacterial cell therapy) shows much promise. This "biological approach" may especially be appealing to an emerging health conscious society since the ingestion of a probiotic-containing food may be considered more "natural" than other cholesterol-lowering therapies.
Conclusion. It is becoming increasingly obvious that BSH enzymes may confer a selective advantage on probiotic strains in the highly competitive environment of the human intestinal tract, and future investigations will reveal the exact extent of their contribution(s). Manipulation of BSH activity may ultimately lead to the development of more robust probiotics with improved competitiveness and performance. 
